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TNF� gene expression is silenced in the endotoxin tolerant
phenotype that develops in blood leukocytes after the initial
activation phase of severe systemic inflammation or sepsis. The
silencingphase canbemimicked in vitrobyLPS stimulation.We
reported that the TNF� transcription is disrupted in endotoxin
tolerant THP-1 human promonocyte due to changes in tran-
scription factor binding and enrichment with histone H3 di-
methylated on lysine 9 (H3K9). Here we show that the TNF�
promoter is hypermethylated during endotoxin tolerance and
thatH3K9methylation andDNAmethylation interact to silence
TNF� expression. Chromatin immunoprecipitation and RNA
interference analysis demonstrated that, in tolerant cells,
TNF� promoter is bound by the H3K9 histone methyltrans-
ferase G9a which dimethylates H3K9 and creates a platform
for HP1 binding, leading to the recruitment of the DNA
methyltransferase Dnmt3a/b and an increase in promoter
CpGmethylation. Knockdown of HP1 resulted in a decreased
Dnmt3a/b binding, sustained G9a binding, and a modest
increase in TNF� transcription, but had no effect on H3K9
dimethylation. In contrast, G9a knockdown-disrupted pro-
moter silencing and restored TNF� transcription in tolerant
cells. This correlated with a near loss of H3K9 dimethylation,
a significant decrease in HP1 and Dnmt3a/b binding and pro-
moter CpG methylation. Our results demonstrate a central
role for G9a in this process and suggest that histone methyl-
ation and DNAmethylation cooperatively interact via HP1 to
silence TNF� expression during endotoxin tolerance and
may have implication for proinflammatory gene silencing
associated with severe systemic inflammation.

Epigenetic mechanisms generate heritable marks on DNA
andN-terminal tails of histones thatmaintain stable patterns of
gene expression and are crucial in regulating gene activity as
they impact chromatin structure and dynamics. These chroma-
tin-based modifications control the recruitment of specific
transcription factors and/or chromatin effectors, thereby pro-
viding amechanism by which histones and DNAmodifications
regulate gene transcription (reviewed in Refs. 1–3). Methyla-

tion of histone H3 on lysine 9 (H3K9) and DNA on 5-cytosine
bases, within the context of CpG dinucleotides, are two epige-
netic marks whose increased levels are associated with hetero-
chromatin formation and transcriptional silencing of several
gene promoters (4).
H3K9canexist inmono-, di-, or trimethylated state.Mono-and

dimethylation are catalyzed by the histone methyltrans-
ferase G9a, whereas trimethylation is catalyzed by the meth-
yltransferase SUV39h and is predominant in pericentric
(constitutive) heterochromatin domains (1, 5). While G9a
can also trimethylate H3K9 in vitro (6), it is a major histone
methyltransferase for mono- and dimethylation of H3K9 in
euchromatic (regulated) domains (7). Methylated H3K9 serves
as a docking site for chromatin modifiers such as the hetero-
chromatin-binding protein 1 (HP1),2 which mediates hetero-
chromatin formation and is implicated in gene silencing (4, 8,
9).
DNA methylation, on the other hand, occurs by adding a

methyl group at 5-cytosine in CpGs and is often associatedwith
transcriptional silencing, whereas absence of CpGmethylation
links to transcriptional activation (10, 11). This methylation is
catalyzed by the DNA methyltransferases Dnmt1 and
Dnmt3a/b. Dnmt1 is the primary methyltransferase for the
maintenance of hemimethylated DNA and is found mainly in
pericenteric heterochromatin (12), whereasDnmt3a/b are con-
sidered to be the de novo DNA methyltransferases (13). The
signals that determine whether a particular CpG becomes
methylated are unknown, but interactions betweenmethylated
DNA and chromatin effectors, such as methyl-CpG-binding
proteins and HP1 play an important role in chromatin conden-
sation and gene repression (14–16).
Recent studies support a mechanistic connection between

DNA and histone methylation and transcriptional silencing
(1, 17, 18), wherein components of each of the two epigenetic
pathways are coupled. For example, methyl-CpG-binding
proteins may recruit and interact with histone deacetylases,
methyltransferases and methylated DNA, thereby providing
a link between DNA and histone methylation (17, 19, 20).
This connection is further reinforced through interactions
with other chromatin remodeling proteins such as HP1 (16,
21–23).
HP1 is a non-histone protein enriched in heterochromatin

(24) through binding to methylated H3K9 in pericentric and
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euchromatic domains of chromatin and is an essential compo-
nent of heterochromatic gene silencing (25). It acts as an
adapter to transmit epigenetic information between histone
and DNA (1). The three variants of mammalian HP1 (�, �, �)
localize to regions of constitutive heterochromatin and euchro-
matin (2). Targeting HP1 to euchromatic sites is sufficient to
induce gene silencing and local condensation of chromatin in
several experimental systems (2) while loss of HP1 results in
derepression of silenced genes (24). Although the precise
mechanisms by which HP1 contributes to gene silencing is not
understood, it appears that HP1 links DNA and histone
through its interaction with and recruitment of histone and
DNA methyltransferases and other chromatin modifiers (2, 4,
15, 26, 27).
Regulation of TNF� expression inmonocytes is complex and

involves transcriptional and post-transcriptional mechanisms
(28, 29). Methylation of H3K9 marks the TNF� promoter for
transcription silencing during endotoxin tolerance (28). This
epigenetic mark correlates with disruption of TNF� transcrip-
tion due to diminished binding of active NF-�B RelA/p65 and
increased binding of repressive RelB protein, as well as binding
of HP1. Endotoxin tolerance is defined by reprogramming of
gene expression, including silencing of acute proinflamma-
tory mediators, such as TNF� and IL-1�, in response to the
stimulation of the Toll-like receptor (TLR) 4 by bacterial
endodoxin (LPS) (30). The silencing phase develops rapidly
after an initial activation phase that generates a cytokine
storm that initiates both systemic and local acute inflamma-
tion (31–33), and is observed in blood neutrophils (34) and
monocytes (35) during severe systemic inflammation in ani-
mals and human (36, 37). This tolerant phenotype can be
generated in cultured cell lines and primary monocytes by
LPS stimulation (38, 39).
Here, we show that the TNF� promoter is hypermethylated

in human endotoxin tolerant THP-1 monocytes. Chromatin
immunoprecipitation and RNA interference analysis revealed
that theH3K9methyltransferaseG9a interacts with the de novo
DNA methyltransferase Dnmt3a/b to silence the TNF� tran-
scription during endotoxin tolerance. This interaction is medi-
ated by HP1. Dnmt3a/b and HP1 recruitment is dependent on
G9a binding to the promoter, as loss of G9a results in a sig-
nificant decrease in both DNA and H3K9 methylation at the
promoter region and restores TNF� transcription. These
findings suggest that H3K9 dimethylation by G9a is causa-
tive in the process of TNF� gene silencing and does so via
HP1 and Dnmt3a/b. Our studies provide a functional con-
nection between DNAmethylation and histone methylation,
in which HP1 plays an important role, and further support a
model of interdependence between these two epigenetic
pathways in proinflammatory gene silencing during endo-
toxin tolerance.

EXPERIMENTAL PROCEDURES

Cell Culture and LPS Tolerance—The human promonocytic
cells, THP-1, obtained from the American Type Culture Col-
lection, were maintained in RPMI 1640 medium (Invitrogen,
Carlsbad, CA) supplemented with 100 units/ml penicillin, 100
�g/ml streptomycin, 2 mM L-glutamine, and 10% fetal bovine

serum (HyClone, Logan,UT) in a humidified incubatorwith 5%
CO2 at 37 °C. For induction of tolerance (38), cells were incu-
bated for 16 h with 1 �g/ml of Gram-negative bacterial LPS
(Escherichia coli 0111:B4, Sigma). LPS-tolerant and LPS-re-
sponsive (normal) cells were washed with minimal medium,
cultured at 1 � 106 cells/ml and stimulated with 1 �g/ml LPS
for the indicated times.
Methylation-specific Genomic Sequencing—To assess DNA

methylation at the TNF� promoter, �150 ng of genomic DNA
isolated from normal and LPS tolerant cells were subjected to
sodium bisulfite treatment using the methylSEQR Bisulfite
Conversion Kit (Applied Biosystems) according to the manu-
facturer’s protocol, to convert cytosine in the genomic DNA to
uracil. Converted DNA was then purified using an affinity
column.
Sequence-specific PCR of the bisulfite-treatedDNAwas per-

formed using primers specific to the human TNF� promoter
designed using the Methyl Primer Express v1.0 (Applied Bio-
systems). The primers were specifically designed to screen a
300-bp promoter fragment containing 8 CpG doublets sur-
rounding the NF-�B binding site at �98 bp (see Fig. 1A), and
their sequence coordinates are: forward 5�-3� (�349 to �336)
and reverse 5�-3� (�50 to �71). PCR was carried out in a vol-
ume of 50 �l containing 1� PCR buffer (10 mM Tris-HCl, pH
8.3, 50 mM KCl), 2.5 mM MgCl2, 20–40 ng of bisulfite-con-
vertedDNA, 25 pmol of each primer, 200�Mof each dNTP, and
1.25 units of TaqDNA polymerase (PerkinElmer Life Sciences,
Emeryville, CA). PCR conditions were: 35 cycles at 94 °C for 1
min, 58 °C for 1 min, and 72 °C for 2 min.
DNA sequencing was performed using the POP7 sequencing

polymer andABI 3730XLCapillaryDNAAnalyzer as described
previously (40). In this CpG methyl-specific sequencing, cyto-
sine that is protected by methylation is read as “C” in the DNA
sequence while unmethylated cytosine is read as “T”, the struc-
tural analog of uracil. All sequencing data were analyzed using
the DNA analysis program Seqencher v8 (Gene Codes, Corp.,
Ann Arbor, MI) and compared with reference sequences rep-
resenting methylated and unmethylated DNA.
ChIPAssays—Chromatin immunoprecipitation (ChIP) assay

was performed to assess H3K9 dimethylation and chromatin
protein interactions around the NF-�B binding site of the
TNF� proximal promoter, using ChIP kit (Active Motif, Carls-
bad, CA) according to the manufacturer’s instructions. Briefly,
cells were harvested and proteins were cross-linked with DNA
by the fixation in 1% formaldehyde for 10 min at room temper-
ature. After washing with cold phosphate-buffered saline, cells
were lysed in 1% SDS for 30 min on ice. The lysates were soni-
cated to shear DNA using Branson 250 sonicator (two 15-s
pulses at 40% power in an ice bath, with 1 min between each
pulse). These shearing conditions generate DNA fragments
ranging in size from 500–1000 bp. Chromatin solution was
pre-cleared with protein G-coated magnetic beads for 2 h at
4 °C. 10 �l of the chromatin solution was reserved as “input”
sample. The remaining chromatin was immunoprecipitated
overnight at 4 °C with 3 �g of antibody specific to HP1,
Dnmt3a, Dnmt3b, RelB, IgG (Santa Cruz Biotechnology, Santa
Cruz, CA), SUV39h1,G9a, or di-methylated histoneH3 lysine 9
(H3K9me2) (Upstate Biotechnology, Lake Placid, NY). The
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chromatin/antibody complexes captured on the beads were
washed several times and then eluted in 50 �l elution buffer.
The immunoprecipitated and “input” sample cross-links were
reversed by incubation for 2.5 h at 65 °C. After treatment with
proteinaseK at for 1 h at 37 °C, the reactionwas stopped and the
resulting DNAwas stored at �20 °C until analyzed by standard
and real-time PCR as described below. ForChIP reimmunopre-
cipitation (ChIP-ReIP) experiment, chromatin was first immu-
noprecipitated with the primary antibody (�HP1) and washed.
Complexeswere then eluted from the primary immunoprecipi-
tates by incubation with 10 mM dithiothreitol at 37 °C for 25
min, diluted in IP buffer, and reimmunoprecipitated with the
second antibodies (�SUV39h1, �Dnmt3a/b). The remaining
ChIP procedures were followed to reverse the cross-links and
recover the DNA, as described above.
Semiquantitative PCR—PCR was performed in a 50-�l vol-

ume containing 5 �l of the ChIP DNA, 1 �M of each primer, 2
mM MgCl2, 0.2 �M dNTPs, and 0.04 units/�l AmpliTag Gold
DNA polymerase (Applied Biosystems). The PCR conditions
were as follows: 1 cycle at 94 °C for 5 min, 30 cycles at 94 °C,
58 °C, and 72 °C for 30 s each, and a final cycle at 72 °C for 5min.
Equal amounts of PCR products were run on 1.2% ethidium
bromide-stained agarose gel and images were captured using
QuantityOne Imager (Bio-Rad). The primers used in PCRwere
designed to amplify a sequence in the human TNF� proximal
promoter region containing the �B3 site at �98 bp relative to
the transcription start site (41) and were as follows: TNF� for-
ward (5�-TACCGCTTCCTCCAGATGAG-3�) and TNF�
reverse (5�-TGCTGGCTGGGTGTGCCAA-3�).
Quantitative PCR for Immunoprecipitated DNA—Real-time

PCR was performed to precisely quantify the TNF� promoter
sequence in theChIPDNA. The same primers described above,
labeledwith an internal fluorogenic probe (5�-FAM-CTTGGT-
GGAGAAACC-TAMRA-3�), were used (Applied Biosystems,
Foster City, CA). The PCR reaction (25 �l) contained 5 �l of
ChIP DNA, 12.5 �l of 2� TaqMan Universal Master Mix con-
taining DNA polymerase and dNTPs, 300 nM of each primer,
and 100 nM internal probe. Reactions were run in duplicates at
50 °C for 2 min, 95 °C for 10 min followed by 40 cycles at 95 °C
for 15 s and 60 °C for 1 min (combined annealing and exten-
sion), using ABI Prism 7000 Sequence Detection System
(Applied Biosystems). A IgG-immunoprecipitated DNA sam-
ple was also amplified as a negative control (data not shown).
Sample data were normalized to the input DNA and are pre-
sented as fold change relative to DNA from unstimulated cells
(0 h).
RNA Interference—Exponentially growing cells were har-

vested and washed with sterile PBS. Control (nonspecific), or
HP1 or G9a-specific small interfering RNAs (siRNA) (Santa
Cruz Biotechnology) with a 3�-dTdT overhang were trans-
fected by electroporation with 5 �l of (0.5 �M) siRNA in 100 �l
of Nucleofector (AMAXA, Gaithersburg, MD), according to
the manufacturer’s protocol. Immediately after transfection,
cells were left unstimulated or stimulated with 1 �g/ml LPS, to
induce tolerance. After 36 h, cells were harvested, washed with
minimal medium, and left unstimulated or stimulated for 3 h
with 1 �g/ml LPS. G9a was silenced by a pool of three target-

specific 20–25 nucleotides siRNAs. HP1 was silenced by three
pools of siRNAs.
mRNA Analysis—Expression of TNF� was evaluated by

quantitative real-time PCR. Total RNAwas isolated using RNA
STAT-60 extraction kit, according to the manufacturer’s pro-
tocol (Tel-Test, Friendswood, TX)). Two micrograms RNA
were reverse-transcribed to cDNA in a 25-�l volume contain-
ing 0.2 �M dNTPs, 2.5 �M oligo d(T), 5 mM MgCl2, and 0.25
units/�l of murine leukemia reverse transcriptase (Applied
Biosystems). TheRT reactionwas incubated for 1 h at 42 °C and
5min at 99 °C. The PCRwas performed using 5�l of cDNA and
TNF� and GAPDH predesigned TaqMan primer/probe sets
(Applied Biosystems). The PCR conditions were as described
above. Sample data were normalized to GAPDHmRNA values
and are presented as percentage change relative tomRNA from
endotoxin-responsive cells (set as 100%).
Western Blot Analysis—Nuclear proteins were extracted by

incubating cells on ice for 15 min in a buffer containing 10 mM
HEPES (pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.2 mM EDTA, 20
mMNaF, 1 mMNa4P2O7, 1 mMNa3VO4, 0.5 mM dithiothreitol,
0.1% Titon X-100, and 1� protease inhibitor mixture. Nuclei
were pelleted by centrifugation at 5,000 rpm for 10 min at 4 °C
and then resuspended in lysis buffer (1% Nonidet P-40, 0.5%
sodium deoxycholate, and 0.1% SDS) and incubated on ice for
30 min. Extracts were cleared by centrifugation and protein
concentration was determined. Whole cell extracts were
prepared using the same nuclei lysis buffer. Equal amounts
(50 �g) of protein were separated on SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Pierce).
Membranes were blocked and probed overnight at 4 °C with
appropriate dilutions of primary Abs against HP1,
Dnmt3a/b, SUV39h1 (Santa Cruz Biotechnology), and G9a
(Upstate). This was followed by incubation with appropriate
horseradish peroxidase-conjugated secondary Abs (Santa
Cruz Biotechnology). Proteins were visualized using high
sensitivity ECL system (Pierce). Blots were stripped and rep-
robed with control Ab.
Statistical Analysis—Data were analyzed by Microsoft Excel

2003 and are presented as the mean (�S.E.) of three independ-
ent experiments. The Student’s t test was used to determine
significant differences between groups. p values �0.05 were
considered statistically significant.

RESULTS

TNF� Promoter Is Hypermethylated in Endotoxin-tolerant
THP-1Cells—Our previous studies showed that the TNF� pro-
moter nucleosome is dimethylated onH3K9 and bound byHP1
during transcriptional silencing in endotoxin-tolerant cells
(28), a phenotype that naturally occurs in blood leukocytes dur-
ing the course of severe systemic inflammation in animals and
sepsis in human where the expression of many proinflamma-
tory cytokines is silenced after the initial induction phase that
follows LPS exposure (30).
We sought to determine theDNAmethylation state of TNF�

proximal promoter. This fragment contains 8 CpG dinucleoti-
des around the NF-�B binding site and the TATA box (see Fig.
1). Bisulfite sequencing of the genomic DNA extracted from
endotoxin-responsive (normal) and endotoxin-tolerant cells
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showed that most of these CpG doublets were methylated in
greater numbers in tolerant cells versus responsive cells (Fig. 1).
The total number of methylated CpGs in responsive untreated
cells was assigned as 100% methylation and all other samples
were calculated relative to this value. We observed a marked
decrease in CpGmethylation at 0.5 and 1 h after adding LPS to
responsive cells. These two time points coincide with active
TNF� transcription in endotoxin-responsive cells (28). By 4 h
of stimulation, the methylation level retuned to near 0 h level.
However, the level of CpGmethylation was significantly higher
in tolerant-untreated cells compared with responsive cells, and
remained significantly high at all the timepoints tested.We also
observed that CpGs at�239 and�245 were alwaysmethylated
every time the experiment was repeated. These results demon-
strate that the TNF� promoter is hypermethylated during
endotoxin tolerance, which may contribute to TNF� gene
silencing.
Histone and DNA Methyltransferases Bind to TNF� Pro-

moter during Transcription Silencing—Our data indicated that,
in tolerant cells, the TNF� promoter was hypermethylated on
CpGs (Fig. 1) and dimethylated on H3K9 and bound by HP1
(28). These two epigenetic modifications contribute to gene
silencing (1, 4). We hypothesized that histone methylation and
DNAmethylationmay cooperatively interact tomediate TNF�
silencing during endotoxin tolerance. In addition, HP1may act
as an adapter in mediating histone and DNA methylation
through its binding to and recruitment of histone and DNA
methyltransferases. If HP1 is indeed involved in the silencing of
TNF� promoter, then its depletion will affects histone and/or

DNAmethylation.We used RNA interference and ChIP assays
to test this hypothesis. Cells were transfected with a pool of
siRNAs specifically designed to silence the three HP1 isoforms
and then stimulated with LPS to induce tolerance. After 36 h,
responsive and tolerant cells were harvested and stimulated for
the indicated times. In the control experiment, cells were trans-
fected with siRNAs not known to bind to HP1 sequences spe-
cifically. We first determined HP1 binding after HP1 knock-
down. Fig. 3, A and B shows that HP1 binding to the TNF�
promoter was markedly reduced after HP1-specific, but not
control, siRNA transfection into responsive and tolerant cells.
Also, HP1 nuclear protein level was markedly reduced after the
knockdown (Fig. 3C).We next determinedwhether loss of HP1
would result in changes in TNF� transcription. As shown in
Fig. 2, we observed �50% recovery of TNF� mRNA in endo-
toxin-tolerant cells after LPS stimulation compared with
responsive cells. These data demonstrate that HP1 contributes
to TNF� gene silencing.

We set out to determine the mechanism by which HP1 con-
tribute to TNF� silencing. HP1 interacts with and recruits the
histonemethyltransferases SUV39h andG9a (4, 22, 42), both of

FIGURE 1. TNF� promoter is hypermethylated in endotoxin-tolerant
THP-1 cells. A, a schematic diagram representing the proximal promoter
region of the human TNF� gene analyzed by bisulfite sequencing. The eight
CpG dinucleotides located in this region are represented by vertical lines with
open circles, and their locations relative to the transcription start site are indi-
cated. B, bisulfite sequencing results. Endotoxin tolerance was induced by
pretreatment with 1 �g/ml LPS for 16 h. Endotoxin responsive and tolerant
cells were then stimulated with 1 �g/ml LPS for the indicated times. Genomic
DNA was extracted and subjected to sodium bisulfite conversion, followed by
PCR amplification and sequencing. The total numbers of methylated CpGs in
responsive untreated cells (0 h) was set at 100%, and all other values were
calculated relative to this value. The data represent the mean � S.E. of at least
three independent experiments. *, significant difference (p � 0.05) between
responsive versus tolerant cells.

FIGURE 2. HP1 gene silencing modestly restores TNF� mRNA level in
tolerant cells. THP-1 cells were transfected with nonspecific or HP1-spe-
cific siRNA and then left unstimulated or stimulated with 1 �g/ml LPS for
36 h. Responsive (r) and tolerant (t) were washed and then left unstimu-
lated or stimulated with 1 �g/ml LPS for 3 h. Total RNA was extracted and
analyzed for TNF� mRNA expression by real-time PCR. Sample data were
normalized to GAPDH data and are presented as percent change relative
to mRNA level in LPS-responsive (r�) cells (set as 100%). Data are the
mean � S.E. of at least three independent experiments. *, significant dif-
ference (p � 0.05), t� versus t-.
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which can direct H3K9methylation (8, 43, 44). In addition, our
data (not shown) indicated that both SUV39h1 and G9a were
bound to the TNF� promoter in endotoxin-tolerant cells. HP1
knockdown resulted in amarked decrease in SUV39h1, but not
G9a, binding (Fig. 3, A and B). In addition, ChIP analysis
showed that the level of dimethylated H3K9 remained high in
tolerant cells (data not shown). These results suggested that the
promoter binding by SUV39h1 is a downstream event of HP1
binding and that SUV39h1 was not responsible for H3K9
dimethylation.
Because HP1 interacts with Dnmt3a/b (21), we next investi-

gated Dnmt3a/b binding after HP1 knockdown. Fig. 3, A and B
shows that there is a marked decrease in Dnmt3a/b binding
after HP1 depletion, suggesting HP1 participates in recruiting
Dnmt3a/b methyltransferase activity to the TNF� promoter
during transcriptional silencing in tolerant cells.
Depletion of HP1 resulted in the loss of promoter binding by

SUV39h1 and Dnmt3a/b. To confirm whether HP1 is respon-
sible for the recruitment of SUV39h1 and Dnmt3a/b, we per-
formed ChIP reimmunoprecipitation (ChIP-ReIP) assay.
Cross-linked chromatin was first immunoprecipitated with
anti-HP1. The immunoprecipitated complexes were then
washed and reimmunoprecipitatedwith anti-SUV39h1 or anti-
Dnmt3a. As shown in Fig. 3D, promoter DNA fragments were
enriched in both primary and secondary immunoprecipitates.
This result demonstrates that HP1 plays a role in the simulta-
neous recruitment of SUV39ha and Dnmt3a/b to the TNF�
promoter during transcription silencing.
Loss of G9a Binding and H3K9 Dimethylation from TNF�

Promoter Reverses Transcription Silencing and Restores TNF�
mRNA Levels in Tolerant Cells—The data presented in Fig. 3
suggested that SUV39h1 was not involved in H3K9 dimeth-
ylation and that G9a binding is an upstream event of HP1 and
Dnmt3a/b recruitment. To test this, we next knocked down
G9a and investigated downstream events by assessing H3K9
dimethylation and HP1 binding. As shown in Fig. 4, A and B,
G9a bindingmarkedly decreased after the knockdown.We also
confirmed thatG9a protein expressionwasmarkedly decreased
after the knockdown (Fig. 4C). Loss of G9a resulted in a sub-
stantial decrease in H3K9 methylation and a decrease in HP1
binding. These results suggest that G9a directs H3K9 dimeth-
ylation at the TNF� promoter and that loss of this histonemark
results in near loss of HP1 binding in tolerant cells. We next
blocked H3K9 dimethylation to test whether HP1 binding is
dependent onH3K9dimethylation.We incubated tolerant cells
with 6 �M BIX-01294, which has been shown to specifically
inhibit G9amethyltransferase activity andH3K9 dimethylation
(45). After 6 h, LPSwas added, and the incubation continued for

FIGURE 3. HP1 gene silencing markedly reduces SUV39h1, Dnmt3a/b, but
not G9a binding to the TNF� promoter. THP-1 cells were transfected with
control or HP1-specific siRNA and then left unstimulated or stimulated with 1
�g/ml LPS for 36 h. Cells were then washed and left unstimulated or stimu-
lated with 1 �g/ml LPS for the indicated times. ChIP assay was performed on
cross-linked chromatin, immunoprecipitated with antibodies specific to HP1,
SUV39h1, G9a, and Dnmt3a/b. The relative enrichment of TNF� promoter
sequences in the immunoprecipitated DNA was analyzed by semiquantita-
tive PCR (A and B) and real-time PCR (E) using primers that amplify the proxi-
mal promoter region. In A and B, representative results are shown. In E, data
were normalized to input DNA and are presented as fold change relative to
unstimulated cells (0 h) (set as 1-fold). Data are the mean � S.E. of at least

three independent experiments. *, significant difference (p � 0.05). C, HP1
protein expression in the nucleus. THP-1 cells were transfected with control
or HP1-specific siRNA and left unstimulated or stimulated with 1 �g/ml LPS
for 36 h. Responsive (unstimulated) and tolerant (stimulated) cells were then
washed and stimulated for 1 h with 1 �g/ml LPS, and nuclear extract was
prepared as described under “Experimental Procedures.” Blotted proteins
were probed with HP1 Ab. Blots were stripped and reprobed with control Ab.
D, ChIP reimmunoprecipitation showing the recruitment of SUV39h1 and
Dnmt3a/b to the TNF� promoter by HP1. Chromatin was first immunoprecipi-
tated with HP1 Ab (ChIP). Immunoprecipitates were then eluted and reimmu-
noprecipitated (Re-IP) with SUV39h1or Dnmt3a/b Ab.
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1 h. At this time point, high levels of H3K9 dimethylation and
HP1 binding are detected. The results (Fig. 4D) show that BIX-
01294 decreased H3K9 dimethylation significantly, while cells
incubated with LPS or DMSO alone retained high levels of
H3K9 methylation. It should be noted that the decrease in
H3K9 dimethylation was not due to toxic effects by DMSO or
BIX-01294, as cells were 90–95% viable by the end of incuba-
tion, as determined by trypan blue exclusion. Also, a dose
response experiment showed that BIX-01294 at 6 �M con-
centration was most effective in inhibiting H3K9 dimeth-
ylation (data not shown). The decrease in H3K9 methylation
was accompanied by a marked decrease in HP1 binding, sug-
gesting that H3K9 dimethylation is a primary target for HP1
binding.
Because G9a loss reduced H3K9 methylation and HP1 bind-

ing, and since the data presented in Fig. 3 suggested that loss of
HP1 binding resulted in a concomitant decrease in Dnmt3a/b
binding, we hypothesized that absence of G9a may affect
Dnmt3a/b binding and promoter CpG methylation. We
observed a significant decrease in Dnmt3a/b binding after G9a
knockdown (Fig. 4, A and B), suggesting that G9a is involved in
targetingDnmt3a/b to the TNF� promoter. G9a likely achieves
this role through HP1, as HP1 binding was also reduced after
G9a knockdown (compare Figs. 3 and 4). It must be noted that
the decrease in promoter binding by HP1, SUV39h1, and
Dnmt3a/b after G9a knockdown was not due to a decrease in
their protein expression, because Western blot analysis of
whole cell extracts showed that their total protein levels were
nearly similar to those levels before G9a knockdown (Fig. 5),
suggesting that level of protein expression is not responsible for
the LPS-induced change in promoter binding by HP1,
SUV39h1, or Dnmt3a/b.
H3K9 methylation directs DNA methylation by recruiting

CpG methyltransferase activities (14). We next examined
CpG methylation status after G9a knockdown. Bisulfite
sequencing revealed a comparable levels of CpGmethylation
in responsive and tolerant cells (Fig. 6), suggesting that G9a
also direct CpG methylation at the TNF� promoter through
Dnmt3a/b activity and that its loss results in a marked
decrease in DNA methylation. To test whether Dnmt3a/b is
responsible for CpG methylation, we performed bisulfite

FIGURE 4. G9a gene silencing significantly decreases H3K9 dimethylation
and promoter binding by HP1 and Dnmt3a/b. Cells were transfected with
control or G9a-specific siRNA and then left unstimulated or stimulated with 1
�g/ml LPS for 36 h. Cells were then washed and left unstimulated or

stimulated with 1 �g/ml LPS for the indicated times. ChIP assay was per-
formed on cross-linked chromatin, immunoprecipitated with antibodies spe-
cific to HP1, G9a, dimethyl H3K9, and Dnmt3a/b. The relative enrichment of
TNF� promoter sequences in the immunoprecipitated DNA was analyzed by
semiquantitative PCR (A and B) and real-time PCR (E), using primers that
amplify the proximal promoter region. In A and B, representative results are
shown. In E, data were normalized to input DNA and are presented as fold
change relative to unstimulated cells (0 h) (set as 1-fold). Data are the mean �
S.E. of at least three independent experiments. *, significant difference (p �
0.05). C, G9a protein expression in the nucleus. THP-1 cells were transfected
with control or G9a-specific siRNA and left unstimulated or stimulated with 1
�g/ml LPS for 36 h (to induce tolerance). Responsive (unstimulated) and tol-
erant (stimulated) cells were then washed and stimulated for 1 h with 1 �g/ml
LPS, and nuclear extract was prepared as described under “Experimental Pro-
cedures.” Blotted proteins were probed with G9a Ab. Blots were stripped and
reprobed with control Ab. D, inhibiting H3K9 dimethylation prevents HP1
binding. LPS-tolerant cells were incubated for 6 h with 6 �M of the G9a specific
inhibitor BIX-012194. LPS was added for the last 1 h. Cells were harvested, and
ChIP was performed with dimethyl H3K9 or HP1 Ab. Enrichment of TNF�
promoter sequences in the immunoprecipitated DNA was assessed by semi-
quantitative PCR (upper panel) and real-time PCR (lower panel).
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sequencing of promoter CpGs after Dnmt3a/b knockdown.
Fig. 7A shows promoter CpG methylation was nearly dimin-
ished after Dnmt3a/b knockdown, demonstrating that
Dnmt3a/b is directly involved in CpG methylation at the
TNF� promoter. Decrease in Dnmt3a/b nuclear protein

expression after knockdown was confirmed by Western blot
(Fig. 7B).
Finally, we measured TNF� RNA expression after G9a

knockdown. Fig. 8 shows that the TNF� messages were
restored in tolerant cells to about 80% of the original level seen
in responsive cells. The level of TNF� transcripts was higher
than that seen after HP1 knockdown (compare Figs. 2 and 8).

FIGURE 5. Western blot analysis of whole cell extract after G9a knock-
down. Cells were transfected with control or G9a-specific siRNA and left
unstimulated or stimulated with 1 �g/ml LPS for 36 h (to induce tolerance).
Responsive (unstimulated) and tolerant (stimulated) cells were then washed
and stimulated for 0.5 h and 1 h with 1 �g/ml LPS. Whole cell lysates were
prepared and analyzed for the expression of G9a, HP1, Dnmt3a/b, and
SUV39h1. Blots were first probed with G9a Ab, stripped, and reprobed with
HP1, Dnmt3a/b, and SUV39h1 Abs.

FIGURE 6. Loss of G9a binding prevents TNF� promoter CpG hyperm-
ethylation in tolerant cells. Cells were transfected with control or G9a-spe-
cific siRNA and then left unstimulated or stimulated with 1 �g/ml LPS for 36 h.
Endotoxin-responsive and -tolerant cells were then stimulated with 1 �g/ml
LPS for the indicated times. Genomic DNA was extracted and subjected to
sodium bisulfite conversion, followed by PCR amplification and sequencing.
The total numbers of methylated CpGs in responsive untreated cells (0 h) was
set at 100%, and all other values were calculated relative to this value. The
data represent the mean � S.E. of at least three independent experiments. *,
significant difference (p � 0.05) between responsive versus tolerant cells. R,
responsive; t, tolerant.

FIGURE 7. Dnmt3a is responsible for TNF� promoter methylation. A, cells
were transfected with control or Dnmt3a/b-specific siRNA and left unstimu-
lated or stimulated with 1 �g/ml LPS for 36 h (to induce tolerance). Respon-
sive (unstimulated) and tolerant (stimulated) cells were then washed and
stimulated with 1 �g/ml LPS for the indicated times. Genomic DNA was
extracted and analyzed by bisulfite sequencing. The total number of methy-
lated CpGs in responsive untreated cells (0 h) was set at 100%, and all other
values were calculated relative to this value. The data represent the mean �
S.E. of at least three independent experiments. *, significant difference (p �
0.05) between responsive versus tolerant cells. B, Dnmt3a/b protein expres-
sion in the nucleus after the knockdown. Cells were transfected with
Dnmt3a/b as described in A, and nuclear extract was prepared at 1 h after LPS
stimulation and analyzed for Dnmt3a/b expression by Western blot.
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Together, our results demonstrate that G9a functions
upstream of HP1 binding, DNA methylation, and heterochro-
matin formation at the TNF� promoter and suggest that H3K9
dimethylation is a primary epigenetic signal recognized by HP1
and is sufficient for initiating transcription silencing in vivo.

DISCUSSION

Dysregulated transcription, a salient feature of endotoxin
tolerance, results in reprogramming of gene expression with
sustained silencing of LPS-induced proinflammatory genes,
including TNF� and IL-1� (28, 30, 46). The tolerant phenotype
is observed in blood neutrophils and monocytes during severe
systemic inflammation in animal and sepsis in human (30). This
phenotype can be generated in cultured cell lines and primary
monocytes by LPS stimulation (30).
BothH3K9 andDNACpGmethylation regulate gene expres-

sion via controlling interactions with transcription activators/
repressors or chromatin modifiers (1, 4, 47) and have been
reported to contribute to silencing of many genes, including
inflammatory mediators (48–54). In this study, we provide evi-
dence that the TNF� promoter nucleosomes is enriched with
H3K9 dimethyl marks and hypermethylated on DNA during

endotoxin tolerance. The results show that the methyltrans-
ferase G9a plays a primary role in directing H3K9 dimethyla-
tion and promoter CpG methylation. We found that these two
chromatin-based events are linked. HP1 acts as an adapter to
link these two pathways by binding to H3K9 and by recruiting
the DNA methyltransferase Dnmt3a/b. We found that loss of
G9a binding resulted in loss ofH3K9 andDNAmethylation and
restored TNF� transcription in tolerant cells. This is most con-
sistent with G9a-dependent methylation of H3K9 acting as a
nucleation point forHP1 recruitment. Subsequent spreading of
H3K9 marks via HP1 binding (9) in conjunction with recruit-
ment of additional methyltransferase activity (mediated in part
by the interaction of HP1 with SUV39h1 (43)) recruits addi-
tional histone and DNAmethyltransferase activities, thus rein-
forcing the silenced chromatin state. Our data support the
model proposed in Fig. 7, where recruitment of G9a mediates
dimethylation of H3K9, creating a binding site for HP1. HP1
would then interact with and recruits Dnmt3a/b methyltrans-
ferase tomethylate nearby CpGs. Thus, HP1mediates commu-
nication between H3K9 and DNA methylation to regulate
TNF� gene silencing.

We observed a significant increase in G9a binding and
H3K9 dimethylation associated with transcription silencing
in tolerant cells. H3K9 methylation is involved in the tran-
scriptional silencing of many euchromatic genes (49, 55, 56)
Dimethyl H3K9 functions as a docking site for chromatin
adapters, like HP1, that can translate H3K9 methylation sig-
nal into DNA methylation (1, 4). Genetic disruption of G9a
reduced H3K9 dimethylation and DNA methylation in sev-
eral euchromatic regions (7, 57). Our results showed that
loss of G9a binding to the TNF� promoter resulted in a
decrease in both H3K9 dimethylation and CpG methylation
and reactivated TNF� expression. The loss of G9a correlated
with loss of HP1, Dnmt3a/b, and SUV39h binding, demon-
strating a central role for G9a in the expression silencing of
TNF� in endotoxin-tolerant cells. SUV39h catalyzes H3K9
trimethylation at pericentric heterochromatic regions where
its genetic disruption reduces H3K9 trimethylation (1, 6).
Although both G9a and SUV39h can methylate H3K9, it is
believed that one of the two proteins cannot rescue the func-
tion of the other in vivo. Our data suggested that SUV39h1 is
downstream of G9a binding. SUV39h1 may thus play a sec-
ondary role in silencing TNF� transcription. It might trim-
ethylate H3K9 after the transition of TNF� chromatin from
euchromatic (active) to heterochromatic (silent) state,
which has already been catalyzed by G9a and HP1 binding.
This trimethylation may then create more binding sites for
HP1, resulting in further condensation of the heterochroma-
tin (see Fig. 9). Additionally, a recent study (5) has shown
that G9a can methylate itself on a lysine residue and that this
auto-methylation creates a binding site for HP1 proteins,
suggesting that G9a can also participate in heterochromatin
formation via protein-protein interactions.
It is unclear how G9a is targeted to the TNF� promoter in

tolerant cells. We could not detect significant changes in
G9a protein expression in responsive or tolerant cells. Also,
there are no reports showing that G9a expression can be
induced by a certain signal. However, G9a could be targeted

FIGURE 8. Loss of G9a binding restores TNF� mRNA expression in toler-
ant cells. THP-1 cells were transfected with nonspecific or G9a-specific siRNA
and then left unstimulated or stimulated with 1 �g/ml LPS for 36 h. Respon-
sive (r) and tolerant (t) were washed and then left unstimulated or stimulated
with 1 �g/ml LPS for 3 h. Total RNA was extracted and analyzed for TNF�
mRNA expression by real-time PCR. Sample data were normalized to GAPDH
data and are presented as percent change relative to mRNA level in LPS-
responsive (r�) cells (set as 100%). Data are the mean � S.E. of at least three
independent experiments. *, significant difference (p � 0.05), t� versus t-.
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to the TNF� promoter by a protein cofactor. We have pre-
viously shown that the NF-�B family protein RelB binds to
the IL-1� and TNF� promoters and participates in the tran-
scription silencing during endotoxin tolerance (28, 58). This
is significant, because RelB is expressed only during endo-
toxin tolerance (58). It is possible that RelB participates in
targeting G9a to the TNF� promoter in tolerant cells. In this
regard, a previous study (56) has shown that the transcrip-
tional repressor retinoblastoma (Rb) protein mediates cyclin
E promoter silencing in fibroblasts by directing H3K9 meth-
ylation and heterochromatin formation through its interac-
tion with SUV39h1 and HP1.
Our results showed that HP1 binding was dependent on

G9a binding and H3K9 dimethylation and that HP1 might
act to transmit a histone methylation signal to DNA methy-
lation via the recruitment of Dnmt3a/b, supporting that HP1
is involved in the silencing activity of G9a and Dnmt3a/b.
Blocking G9a methyltransferase activity and H3K9 dimeth-
ylation by the G9a specific inhibitor BIX-01294 resulted in a
loss of HP1 binding. Several modes of actions are proposed
for HP1 mediation of heterochromatin formation and gene
silencing (3), and a model for spreading silent heterochro-
matin is proposed by Bannister et al. (9). In this model, HP1
proteins bind to methylated H3K9 and recruit histone meth-
yltransferase activity, likely SUV39h that acts on adjacent
histones to generate new binding sites, allowing HP1 to
spread along the chromatin. Thus, HP1 propagates the epi-
genetic information. Our data showed that SUV39h1 bind-
ing was lost upon HP1 knockdown, further supporting the
notion that SUV39h1 association with HP1 binding may, in
some way, participate in the TNF� heterochromatin forma-
tion and silencing. Also, it has been demonstrated that HP1
exerts its silencing effects by associating with transcription
co repressors and chromatin complexes, including
Dnmt3a/b (3). Furthermore, HP1 binding may involve asso-
ciation with sequence specific transcription regulators. For
example, many E2F- and Myc-regulated genes are repressed
by HP1 via its interaction with an E2F-6 complex containing
G9a (3). HP1 can also be targeted to cyclin E promoter by Rb
protein (3). Interestingly, localization of HP1 proteins is dis-
rupted in G9a-null mice (8). However, it still unclear as to

what extent the localization of HP1 proteins to distinct
regions of chromatin is determined solely by its binding to
methylated H3K9 (9, 59), or requires auxillary factors (60),
an RNA component (61) and HP1-specific modifications
(62). A recent study shows that HP1 proteins can be exten-
sively modified post-translationally, similar to histone, indi-
cating that transcription silencing mediated by H3K9 via
HP1 is a more complex process, suggesting the presence of
an HP1-mediated “silencing subcode” within the “histone
code” (62).
Dnmt3a/b are not known to bind to specific DNA sequences,

suggesting that de novo DNA methylation mediated by DNA
methyltransferases is controlled by recruiting factors. Our data
showed that Dnmt3a/b binding during the silencing of TNF�
transcription in tolerant cells was dependent on HP1 binding,
as HP1 depletion resulted in loss of Dnmt3a/b binding. HP1-
mediated recruitment ofDnmt3a/b has been reported (63).Our
studies and those by others support the model of histone
methylation-dependent DNA methylation (1, 9, 15, 50, 63).
DNA methylation silences gene expression, at least in part,
through the recruitment of methyl-CpG-binding proteins to
methylated DNA (19, 64, 65). One such protein, MeCP2,
silences gene expression partly by recruiting histone methyl-
transferase (19) and histone deacetylase (HDAC) activity (64,
65), thus reinforcing a repressive chromatin state. Dnmt3a can
directly interact with HDAC1 (66). Our data3 supports that
MeCP2 binds to the TNF� promoter during its expression
silencing in tolerant cells.
Here, we showed an increase in TNF� promoter CpGmeth-

ylation in tolerant cells is associated with Dnmt3a/b binding.
This eventwas lost uponG9a knockdown, suggesting thatDNA
methylation by Dnmt3a/b is a secondary event to G9a binding
and H3K9 methylation. This observation supports a recent
study showing increased DNA methylation at Oct-3/4 pro-
moter viaDnmt3a/b during silencing of embryonic cells (50). In
addition, overexpression of Dnmt3b commonly occurs in
human tumors, where it participates in hypermethylation of
tumor suppressor genes (67, 68). Two recent studies show that
developmental and TLR-mediated epigenetic changes are
involved in the regulation of monocyte/macrophage TNF�
gene expression (69, 70).
In summary, we show a functional connection between

histone and DNA methylation in silencing TNF� expression
during endotoxin tolerance. We demonstrate that these two
pathways interact to remodel chromatin and disrupt TNF�
transcription and that H3K9 dimethylation is a primary epi-
genetic signal recognized by HP1 and is sufficient for initi-
ating gene repression pathway in vivo. Histone H3K9 di-
methyltransferase G9a is first recruited to the promoter,
possibly by a DNA binding transcriptional repressor(s) like
RelB. HP1 recruitment follows. These chromatin modifica-
tions are linked to Dnmt3a/b recruitment, with de novo
methylation of promoter CpG DNA. SUV39h1 recruitment
may further enhance a switch from a euchromatin to hetero-
chromatin state. Collectively, the epigenetic events result in

3 M. El Gazzar, unpublished observations.

FIGURE 9. A model depicting a central role for G9a in proinflammatory
gene silencing during endotoxin tolerance. G9a is first recruited to euchro-
matic regions, likely via a transcriptional repressor, where it dimethylates
H3K9. The HP1 adaptor then binds to dimethylated H3K9 and recruits
Dnmt3a/b to enhance cytosine methylation, resulting in transformation of
euchromatin to silent heterochromatin and transcription silencing. In addi-
tion, HP1 may recruit SUV39h, which can trimethylate H3K9 on adjacent his-
tone to reinforce the silent heterochromatin state.
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a switch from euchromatin to heterochromatin, which with
HP1 as a bridge results in sustained and hereditable gene
silencing (see Fig. 9). Such coupling of transcription, histone,
and DNA-based epigenetic processes cooperatively interact
to silence proinflammatory gene expression during severe
systemic inflammation.
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